Abstract: A subset of B-cell lymphoma patients have dominant mutations in the histone H3 lysine 27 (H3K27) methyltransferase EZH2, which change it from a monomethylase to a trimethylase. These mutations occur in aromatic resides surrounding the active site and increase growth and alter transcription. We study the N-terminal trimethylase NRMT1 and the N-terminal monomethylase NRMT2. They are 50% identical, but differ in key aromatic residues in their active site. Given how these residues affect EZH2 activity, we tested whether they are responsible for the distinct catalytic activities of NRMT1/2. Additionally, NRMT1 acts as a tumor suppressor in breast cancer cells. Its loss promotes oncogenic phenotypes but sensitizes cells to DNA damage. Mutations of NRMT1 naturally occur in human cancers, and we tested a select group for altered activity. While directed mutation of the aromatic residues had minimal catalytic effect, NRMT1 mutants N209I (endometrial cancer) and P211S (lung cancer) displayed decreased trimethylase and increased monomethylase/dimethylase activity. Both mutations are located in the peptide-binding channel and indicate a second structural region impacting enzyme specificity. The NRMT1 mutants demonstrated a slower rate of trimethylation and a requirement for higher substrate concentration. Expression of the mutants in wild type NRMT backgrounds showed no change in N-terminal methylation levels or growth rates, demonstrating they are not acting as dominant negatives. Expression of the mutants in cells lacking endogenous NRMT1 resulted in minimal accumulation of N-terminal trimethylation, indicating homozygosity could help drive oncogenesis or serve as a marker for sensitivity to DNA damaging chemotherapeutics or c-irradiation.
Introduction
Lysine methylation is an important post-translational modification (PTM) for regulating protein function. This PTM plays crucial roles in chromatin organization, DNA repair, and transcriptional regulation. 1, 2 The e-amino groups of lysine side chains can be monomethylated, dimethylated, and trimethylated, and each methylation state has a distinct functional readout, dependent on the residue methylated. 1, [3] [4] [5] [6] [7] These functional readouts are generally accomplished by reader proteins, which contain PTM-specific recognition domains. [8] [9] [10] Readers binding to methyllysine commonly have chromatin organization modifier domains (chromodomains) but can also contain Tudor, MBT, PWWP, PHD finger domains or Ankyrin or WD repeats. 11 These methyllysine binding domains are specific for distinct lysine residues and distinct methylation states (mono-, di-, or tri-). 12 Recognition of methylated lysines by methyllysine readers leads to recruitment of protein complexes, such as chromatin-remodeling complexes, transcriptional machinery, or DNA repair holoenzymes. [3] [4] [5] [6] 13 As methylation governs such diverse processes, altering methylation levels, or the degree of methylation, can be deleterious. Recent work demonstrated that a subset of B-cell lymphoma patients have dominant mutations in the histone H3 lysine 27 (H3K27) methyltransferase EZH2, the catalytic component of the polycomb repressive complex 2 (PRC2). 14, 15 These mutations occur in residues that create an aromatic cage in the active site and are conserved in the majority of methyltransferases. 15 One of the most commonly mutated residues in EZH2 is tyrosine 641 (Y641). 15 Mutation of this tyrosine to phenylalanine (Y641F) or asparagine (Y641N) shifted the H3K27 methylation pattern, promoting trimethylation over monomethylation. 15 The dominant Y641 mutations changed the size of the EZH2 aromatic cage, and thus altered its catalytic specificity. 15 As a result of the shift in methylation state, transcriptional profiles were altered and cellular proliferation rates and colony formation ability increased. 15, 16 N-terminal methylation of the free a-amino group is another type of protein methylation, and it has been established as a regulator of protein-DNA interactions. 17 Loss of N-terminal methylation of regulator of chromatin condensation 1 (RCC1) results in its mislocalization from chromatin and multipolar spindle formation, 17 while loss of N-terminal methylation of the DNA repair protein DNA-binding protein 2 (DDB2) impairs its recruitment to damaged DNA, and subsequently, nucleotide excision repair (NER). 18 Our work focuses on the homologous N-terminal methyltransferases NRMT1 (N-terminal RCC1 methyltransferase 1) and NRMT2 (N-terminal RCC1 methyltransferase 2), which following cleavage of the initiating methionine, methylate the a-amine of the first N-terminal residue of their targets. 19, 20 They differ in catalytic specificity in that NRMT2 is a monomethylase, and NRMT1 is a trimethylase. 19, 20 NRMT1 is a distributive trimethylase, as it binds its substrate and adds one methyl group at a time, dissociating from the substrate after the addition of each methyl group. 19 NRMT2 primes substrates with the first methyl group, thereby increasing trimethylation rates of NRMT1. 19 
NRMT1
and NRMT2 are 50% identical and 75% similar and share an N-terminal X-P-K consensus sequence. 19, 21 Based on this consensus sequence, it is predicted that these methyltransferases target over 300 substrates in humans.
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Y641 of EZH2 aligns with similar tyrosines in the active sites of other methyltransferases, including G9a and SETD7, and confers trimethylase activity to both these methyltransferases when mutated to phenylalanine or alanine. 22, 23 The corresponding aromatic residues in NRMT1 and NRMT2 are Y19 and F75, respectively. 19 Given that mutation of tyrosine to phenylalanine has been shown to change catalytic specificity, 15 we hypothesized these aromatic residues were responsible for the differing catalytic activities of NRMT1 and NRMT2. In addition to Y19 and F75, the active sites of NRMT1 and NRMT2 have differing aromatic residues at positions W20 and Y76, respectively. 19 We also tested the effect of these residues on the catalytic specificities of NRMT1 and NRMT2. We have shown that loss of NRMT1 results in oncogenic phenotypes such as increased proliferation, cell invasion and migration, and an increased sensitivity to DNA damaging agents. 24, 25 These phenotypes suggest that methylation by NRMT2 alone is insufficient to functionally compensate for the loss of trimethylation, 24, 25 and indicates a decrease in NRMT1 trimethylase activity will result in similar oncogenic phenotypes. Determining which cancer mutations alter the levels of N-terminal methylation can help to determine their role in promoting tumor progression and also provide a marker for tumors more sensitive to DNA damaging agents. Studying mutations in the conserved aromatic residues of the active site will also tell us whether these residues can universally control catalytic specificity or if alternate structural motifs contribute to the catalytic specificity of NRMT1 and NRMT2.
Results

Aromatic cage mutants do not exhibit altered methylation patterns
Y19 is the NRMT1 tyrosine residue that most closely aligns with the position of Y641 in the methyltransferase active site of EZH2. In NRMT2, this residue is replaced by F75. As mutation of EZH2 Y641 to phenylalanine switches its catalytic activity, we hypothesized this amino acid substitution between NRMT1 and NRMT2 might be the cause of their differing catalytic activities. Fig. 1(A,B) ]. Similar to WT NRMT2, NRMT2 F75Y exhibited only monomethylase activity [ Fig.  2(A,B) ]. In addition to an inability to switch catalytic activities, these mutations also did not significantly alter total methylation levels [Figs. 1(C,D) and 2(C,D)]. This is contrary to published data showing that the NRMT1 Y19F mutation significantly inhibits the ability of WT recombinant NRMT1 to methylate an N-terminal peptide of CENP-A. 26 As our assay was done with full-length recombinant RCC1 as substrate, it may be that enzyme/substrate binding is enhanced by interactions with the full protein and the interaction of Y19 with substrate is more imperative for peptide substrates. It may also be consensus sequence dependent. The CENP-A Nterminal sequence is Gly-Pro-Arg (GPR), while the RCC1 N-terminal sequence is Ser-Pro-Lys (SPK). The recently solved crystal structure of human NRMT1 bound to CENP-A N-terminal peptide indicates the Arg residue in the CENP-A consensus sequence forms hydrogen bonds and electrostatic interactions with Y19. 26 These interactions may differ with a lysine residue and make Y19 less crucial for catalytic function.
As the mutations in Y19 and F75 did not significantly alter the methyltransferase activities of NRMT1 and NRMT2, we next mutated the other aromatic residue that differs between their active sites. W20 in NRMT1 is replaced with Y76 in NRMT2. 19 Full-length recombinant proteins were made for NRMT1 W20Y and NRMT2 Y76W, and their ability to mono/dimethylate or trimethylate full-length recombinant RCC1 was assayed by Western blot. Again, neither mutation significantly affected methyltransferase activity [Figs. 1(A,B) and 2(A,B)]. This is also contrary to previous published data showing the W20Y mutation of NRMT1 significantly diminishes its ability to methylate the N-terminal peptide of CENP-A, 26 and further indicates the most important catalytic residues may differ depending on substrate length or consensus sequence.
To differentiate between these two possibilities, we performed site directed mutagenesis on our plasmid used to make full-length recombinant RCC1. We made GPR-RCC1 to mimic the CENP-A consensus sequence on a full-length protein and Gly-Pro-Lys (GPK) and Ser-Pro-Arg (SPR)-RCC1 to assess if the first or third amino acid is more important. Wild type SPK-RCC1 and all three full-length RCC1 consensus sequence mutants (GPK, SPR, and GPR) could be in vitro methylated by WT, Y19F, and W20Y NRMT1 [Supporting Information Fig. S1(A-D) Low levels of trimethylation signal seen with WT NRMT2 are not due to trimethylation activity but cross-reactivity of me3RCC1 antibody with lower levels of methylation when no trimethylation is present. 19, 20 Each data point represents the mean 6 SEM of three independent experiments. * denotes P < 0.05, determined by an unpaired two-tailed Student's t-test. Bands were quantified using ImageJ software (NIH).
and NRMT2. 19 For NRMT2, we selected V224L (breast cancer). This valine is analogous to M169 in NRMT1, 19 which is directly adjacent to N168, an amino acid that forms both hydrogen bonds and electrostatic interactions with substrate.
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In vitro methylation assays with the full-length recombinant mutants and full-length recombinant RCC1 as a substrate, showed the Q144H lung cancer mutation exhibited similar levels of monomethylation/dimethylation [ Fig. 1(A) ] and trimethylation [ Fig. 1(B) ] as WT NRMT1. In contrast, the N209I endometrial and P211S lung cancer mutants displayed significantly increased levels of monomethylation/dimethylation [ Fig. 1 (A,C)] and significantly decreased levels of trimethylation [ Fig. 1 (B,D) compared to WT NRMT1, indicating these mutations in patients could decrease global N-terminal methylation levels in favor of monomethylation/dimethylation. As seen with WT NRMT2, the NRMT2 V224L breast cancer mutation exhibited no trimethylase activity [ Fig. 2 (B,D)], but it also exhibited significantly decreased monomethylase activity as compared to control [ Fig. 2 (A,C)]. This indicates patients harboring this mutation would have lower levels of priming activity by NRMT2 and potentially less trimethylation by NRMT1 as a consequence. 19 
Mass spectrometry verification of N209I and P211S shifted methylation activity
As the N-terminal monomethyl/dimethyl RCC1 antibody (me1/2RCC1) that we created cannot discriminate between monomethylation and dimethylation, mass spectrometry (MS) analysis was used to determine if the N209I and P211S NRMT1 mutants were capable of monomethylation, dimethylation, or both. The results from the MS analysis [ Fig. 3 and Supporting Information Fig. S2 (A-J)] showed that, of the recombinant RCC1 that underwent successful cleavage of the initiating methionine (a portion of recombinant RCC1 fails to undergo this cleavage and is unable to be methylated in vitro), 63% was trimethylated by WT NRMT1 and the remaining 37% remained unmethylated. 19 This is consistent with previous results showing WT NRMT1 will almost completely trimethylate RCC1 after 1 h in vitro. 19 With the N209I mutation, unmethylated RCC1 levels increased to 73%, while RCC1 trimethylation levels dropped to 13%, dimethylation levels increased to 7%, and monomethylation levels increased to 6%. With the P211S mutant, unmethylated RCC1 levels also increased to 73%, trimethylation was further decreased to 5%, dimethylation increased to 13%, and monomethylation increased to 9%. The MS analysis is consistent with the Western blot results, indicating these mutants exhibit decreased trimethylase activity and increased monomethylase and dimethylase activity. They also indicate, that unlike the EZH2 mutants which switch catalytic activity from monomethylase to trimethylase, the NRMT1 mutations are decreasing the overall efficiency of the enzyme and preventing it from both converting unmodified substrate to monomethylated and monomethylated substrate to trimethylated.
NRMT1 cancer mutants remain distributive methyltransferases
We have previously shown that NRMT1 works as a distributive enzyme, first monomethylating its substrate, then dissociating and reattaching for each subsequent methylation step. 19 Richardson et al.
confirmed this distributive nature of NRMT1 and additionally showed it is working through a random sequential bi-bi mechanism. 28 We have also shown that for the human RCC1 consensus sequence (SerPro-Lys), affinity of NRMT1 for substrate increases with increasing substrate methylation levels, 19 and hypothesize this helps the enzyme to quickly raise trimethylation levels without the accumulation of monomethylated or dimethylated substrate.
To monitor if the N209I and P211S mutants were impaired in the conversion of monomethylation/ dimethylation to trimethylation, we held enzyme and substrate concentrations constant and varied the time of the in vitro methylation reactions. Western blot analysis showed that WT NRMT1, even at just 30 min, converted all monomethylation/dimethylation to trimethylation [ Fig. 4(A) ]. While low levels of trimethylation can be seen at 30 min with both the N209I and P211S mutants, monomethylation/dimethylation levels are higher and stay steady (N209I) or continue to increase (P211S) up to 2 h [ Fig. 4(B,C) ]. Finally after 2 h, monomethylation/dimethylation levels begin to decrease with a corresponding increase in trimethylation, indicating conversion of one to the other [ Fig. 4(B,C) ]. These data mirror the MS results Figure 3 . Mass spectrometry analysis of WT NRMT1 and NRMT1 mutants. Of the recombinant RCC1 with cleavage of the initiating methionine, 63% was N-terminally trimethylated by recombinant WT NRMT1. The remaining 37% remained unmethylated. With the N209I mutation, unmethylated RCC1 levels increased to 73%, while RCC1 trimethylation levels dropped to 13%, dimethylation levels increased to 7%, and monomethylation levels increased to 6%. With the P211S mutant, unmethylated RCC1 levels also increased to 73%, trimethylation was further decreased to 5%, dimethylation increased to 13%, and monomethylation increased to 9%.
( Fig. 3 ) and indicate that while N209I and P211S are still distributive enzymes capable of trimethylation, they are significantly slower at converting monomethylation and dimethylation into trimethylation.
To assay whether the activity of the mutants could be restored by a significant increase in substrate concentration, we monitored the ability of the mutants to monomethylate/dimethylate or trimethylate RCC1 at varying substrate concentrations. Western blot analysis of the in vitro methylation assays revealed that N209I and P211S require a higher substrate concentration to reach the trimethylation levels seen with WT [ Fig. 4(D-F) ]. At low substrate levels (0.25 lg), WT NRMT1 shows only trimethylated substrate [ Fig. 4(D) ], while neither mutation exhibits any methyltransferase activity [ Fig. 4(E,F) 4(D-F) ]. This indicates the mutants require a higher substrate concentration to reach maximal activity.
Molecular modeling of N209I and P211S
Our examination of the NRMT1 crystal structure 20 showed N209I and P211S to be in the peptidebinding channel near the aromatic residues (Y19, W20, H140) of the active site.
27 NRMT1 is a class I methyltransferase consisting of a seven-stranded b sheet surrounded by five a-helices. 20 In addition, there are three helices in the N-terminus segment, a pair of b hairpins, and a series of loops connecting the structural elements. 26 It has been determined (D) At low substrate levels, WT NRMT1 proceeds almost completely to trimethylation. As substrate concentration increases, the levels of monomethylation/dimethylation by NRMT1 increase because the ratio of unmodified substrate to previously methylated substrate is higher. (E-F) At low substrate levels, the NRMT1 N209I and P211S mutants show no methyltransferase activity. As substrate concentration increases, trimethylation begins to appear but does not reach WT levels until a 1:1 molar ratio of enzyme to substrate, indicating a higher substrate concentration is needed for optimum trimethylase activity. Anti-NRMT1 is shown as a loading control for WT. Anti-His is shown as a loading control for mutant NRMT1, as our NRMT1 antibody recognizes an epitope containing N209 and P211. 20 Blots are representative images of three independent experiments. Bands were quantified using ImageJ software (NIH) and internally normalized to brightest band of each set, which was set at 1.0.
that the helices in the N-terminal segment cluster with loop 4 (L 4 ) and loop 67 (L 67 ) to create the peptide-binding domain, which is integrated by residues L31, Y34, I37, W136, L210, P211, I214, V217, Y215, and E213. 26 While both N209 and P211
are in L 67 [ Fig. 5(A) ], neither was previously predicted to directly interact with substrate.
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To determine how the N209I and P211S mutations might otherwise affect the peptide-binding channel, we performed molecular modeling. 29 The modeling revealed that P211 is oriented toward the peptide-binding channel, and its mutation to serine could alter the shape of the cavity itself [ Fig. 5(B) ]. Alternatively, prolines confer distinct shapes to unstructured regions, so its mutation to serine could change the configuration of L 67 in an unpredictable manner. Mutation of N209 to isoleucine does not make any visually obvious changes to the structure of the peptide-binding channel [ Fig. 5(B) ]. However, asparagine to isoleucine mutations have previously been shown to affect protein characteristics. 30 The amide group of asparagine can hydrogen bond, while the isoleucine side chain is hydrophobic and does not. While these hydrogen bonds might not be directly formed with substrate, they may be necessary for proper orientation of L 67 . Taken together, we hypothesize that residues in the peptide-binding channel that do not directly interact with the substrate can still regulate substrate binding by altering the overall orientation of L 67 .
NRMT1 mutations do not act as dominant negatives in cancer cells
It was determined that the EZH2 Y641 mutation acted in a dominant manner by exogenously expressing both WT EZH2 and EZH2 Y641F in HEK293T cells, which already harbor WT EZH2 activity, and monitoring H3K27me3 levels. 15 While expression of WT EZH2 produced a barely detectable increase in H3K27me3, expression of EZH2 Y641F resulted in a significant increase in H3K27me3, 15 indicating even with WT EZH2 present, the Y641F can change H3K27 methylation levels. HEK293T cells expressing EZH2
Y641F
were also more resistant to a small-molecule inhibitor of single-carbon transfer methyltransferases. 15 To monitor if the P211S and N209I NRMT1 mutations worked in a similar dominant fashion, both were exogenously expressed using lentivirus at an MOI of 1 in A549 human lung carcinoma cells (as P211S was originally found in a lung cancer sample). 31 Though expression levels of WT, N209I, and P211S NRMT1 were similar, only WT NRMT1 showed a slight increase in N-terminal trimethylation levels [ Fig.  6(A) ]. Neither N209I nor P211S significantly changed either monomethylation/dimethylation or trimethylation levels of endogenous RCC1 [ Fig. 6(A) ], indicating they are not acting in a dominant negative manner. Expression of the mutants also did not significantly affect cellular proliferation [ Fig. 6(B) ]. The role of NRMT1 in lung cancer remains unclear, though it has been found to have slightly decreased expression in non-small cell lung carcinoma. 32 NRMT1 is most commonly found underexpressed in breast cancer, glioblastoma, and leukemia. [33] [34] [35] [36] We have correspondingly shown that in breast cancer it is acting as a tumor suppressor, and its loss promotes oncogenic growth. 24 Conversely, NRMT1 has shown to be robustly overexpressed in a variety of colon cancer samples, [37] [38] [39] where we predict NRMT1 may be acting as an oncogene. To monitor if the P211S and N209I mutations have a differential effect in a cancer type that typically overexpresses NRMT1, we performed the same overexpression experiments in HCT116 human colorectal carcinoma cells. As in A549 cells, neither expression of P211S nor N209I was able to change monomethylation/dimethylation or trimethylation levels of endogenous RCC1 [ Fig. 6(C) ] or alter cellular proliferation levels [ Fig. 6(D) ]. 29 Amino acids N209 and P211 are green and indicated by arrows, the N209I and P211S mutations are adjacent in pink. SAM bound to the active site is indicated in blue.
Shields et al.
We had also recently made a CRISPR/Cas9 HCT116 NRMT1 knockout strain, which completely lacks NRMT1 expression and N-terminal trimethylation, while maintaining wild type monomethylation/ dimethylation levels [Supporting Information Fig.  S3 and Fig. 6(E) ]. To test if the P211S and N209I mutations could alter cellular phenotypes as homozygous mutations, we transduced the NRMT1 knockout cell lines with both mutations at an MOI of 1. As opposed to rescue with WT NRMT1, neither mutation could rescue N-terminal trimethylation levels, though they were expressed at similar levels for over 72 h [ Fig. 6(E) ]. These data confirm the impaired biochemical activities of these mutants cannot be overcome in cells with endogenous substrate levels, even after prolonged exposure.
As loss of NRMT1 function has been shown to alter cellular growth rates, we also monitored the ability of N209I and P211S to rescue cellular proliferation rates in the HCT116 NRMT1 knockout line. When expressed in HCT116 cells where NRMT1 expression has been knocked out (KO) through CRISPR/Cas9 genome editing, (E) neither the N209I nor P211S mutant can restore N-terminal trimethylation levels, and (F) P211S is also unable to rescue the growth defect seen with NRMT1 knockout. Each data point represents the mean 6 SEM of three independent experiments. * denotes P < 0.05, determined by a paired two-tailed Student's t-test. GAPDH is shown as a loading control. Anti-Mettl11a/NRMT1 (Abcam) used to determine WT and mutant NRMT1 expression levels. Blots are representative images of three independent experiments. Bands were quantified using ImageJ software (NIH) and internally normalized to wild type untransfected bands, which were set at 1.0.
As compared to control pSpCas9 transfected cells, the NRMT1 knockout strain grows significantly slower [ Fig. 6(F) ]. This would be expected if NRMT1 acts as an oncogene in this cell type. Rescue with transduction of WT NRMT1 restores proliferation rates [ Fig. 6(F)] . Surprisingly, expression of the N209I mutant also restores proliferation rates, though the P211S mutation does not [ Fig. 6(F) ]. Why one mutation can restore proliferation and the other cannot, though neither restores N-terminal trimethylation levels, now remains to be determined. These data indicate the NRMT1 mutations are lossof-function mutations and not neomorphic gain-offunction alleles, like the EZH2 mutations, and will need to become homozygous or combined with other NRMT1 loss of function mutations before effects on proliferation and other oncogenic phenotypes will be seen.
Discussion
Our work is the first to describe a biochemical alteration in NRMT1 and NRMT2 methyltransferase activities in mutations identified in human cancer samples. Here, we demonstrated that NRMT1 mutations in the conserved aromatic residues of the active site did not result in switched catalytic specificities or altered levels of substrate methylation. This is contrary to what is seen in the SET domain histone methyltransferase EZH2, where mutation of its Y641 residue to either a phenylalanine or asparagine changes its catalytic specificity from a monomethylase to a trimethylase. 15 There are a few possible explanations for this discrepancy. First, while EZH2 is a SET domain methyltransferase, NRMT1 and NRMT2 are seven-b-strand methyltransferases. 19 Though both types of methyltransferases contain a series of aromatic residues in their active site that are reminiscent of the aromatic cages found in methyllysine-binding proteins and likely contribute to substrate specificity, they are structurally distinct methyltransferases that may have different modes of substrate recognition. 15, 19 Alternatively, in addition to the aromatic residue composition, there is a second structural feature of NRMT1 and NRMT2 that could dictate catalytic specificity. Despite the high sequence conservation between NRMT1 and NRMT2, NRMT2 possesses an extra 60 amino acid N-terminal domain "tail" which is not found in NRMT1. 19 Given the apparent flexibility of this tail, it is possible it could partially fold over the active site and limit substrate entrance. This would then take precedence over the aromatic residues in substrate selection and binding. A similar regulatory mechanism is seen in the human arginine methyltransferase PRMT1. 40 PRMT1 has seven alternative splice variants that differ in their N-terminal composition, and these unique sequences influence both catalytic activity and substrate specificity. 40 To address this possibility for NRMT1
and NRMT2, we attempted to make NRMT2 with the tail domain deleted and NRMT1 with the tail domain added. However, only the NRMT2 without the tail expressed as soluble recombinant protein, and it showed no methyltransferase activity in 1-h methyltransferase assays (data not shown). Although the NRMT1 aromatic cage mutants showed no alteration in catalytic specificity, the cancer mutations N209I and P211S (endometrial and lung, respectively) showed a significant decrease in trimethylase activity and a significant increase in monomethylase/dimethylase activity. The NRMT2 breast cancer mutation V224L also showed a significant decrease in monomethylase activity but lacked a reciprocal gain in trimethylation activity. The recently solved crystal structures of NRMT1 complexed with substrate peptides illustrates that N209I and P211S are in the peptide binding channel, 26 and V224 is adjacent to an asparagine that forms both hydrogen bonds and electrostatic interactions with substrate, 26 indicating the mutations do not directly change catalytic specificity but alter substrate preference. This is validated by our kinetic experiments that showed N209I and P211S are still distributive enzymes capable of trimethylation. However, they are less efficient at methylating unmodified substrate and converting monomethylated/ dimethylated substrate into trimethylated. Whether these mutations can act as drivers of oncogenesis or promote further oncogenic transformation remains to be elucidated. Our data indicate it may depend on in which type of cancer it is found. As seen in the HCT116 NRMT1 knockout line, cancers that typically overexpress NRMT1 may find mutants with decreased trimethylase activity detrimental to their growth. In addition, loss of Nterminal trimethylation has been shown to impair DNA repair, 18, 24 so it may also make these tumors more sensitive to DNA damaging chemotherapeutics or g-irradiation. Cancers, such as breast, that become more oncogenic with loss of NRMT1 24 may find these mutations as helpful drivers of oncogenesis, though the potential for increased sensitivity to DNA damaging agents would remain. In the case of NRMT1, we propose its ability to work both as an oncogene and a tumor suppressor is likely dependent on which pathways are driving oncogenesis in specific tissues. For example, one well-studied NRMT1 target is the tumor suppressor retinoblastoma protein (Rb). We have previously shown that NRMT1 is acting as a tumor suppressor in estrogen receptor (ER) positive MCF-7 breast cancer cells, as its loss promotes DNA damage accumulation, proliferation, migration, and xenograft tumor formation. 24 Patients with ER1 tumors have poorer disease outcomes if they have an Rb mutation. 41 If methylation by NRMT1 activates Rb function, loss of NRMT1 could mimic an Rb mutation, contributing to the increased oncogenicity seen with NRMT1 loss. In contrast, NRMT1 is found overexpressed in colon cancers, [37] [38] [39] indicating it may be acting as an oncogene in this tissue. One difference between breast cancers and colon cancers is that colon cancer cells harboring activating K-Ras mutations require wild type Rb for oncogenic transformation and prevention of apoptosis. 42, 43 Thus, in this particular tumor type, overexpression of NRMT1 could be beneficial.
Little is known about NRMT1 expression levels in human lung cancer samples, though one study found a 1.5 fold decrease in NRMT1 expression in non-small cell lung carcinomas (NSCLC). 32 Unlike small cell lung carcinomas (SCLC), which frequently harbor Rb mutations, NSCLC tumors favor mutation in CDKN2A. 44 As an inhibitor of MDM2 activity, CDKN2A indirectly controls both p53 and Rb protein levels, so NSCLC cancer harboring both a CDKN2A and NRMT1 mutation would have reduced levels of Rb with potentially reduced activity. In fact, the NRMT1 P211S mutation was found in a cell line derived from a metastatic lymph node of a patient with NSCLC, 31 and Functional Why loss of N-terminal trimethylation by NRMT1 would result in phenotypes despite the continued presence of monomethylation by NRMT2 also remains to be elucidated. As with lysine methylation, we predict the different levels of N-terminal methylation promote different functional outcomes. For example, in the case of histone H4 lysine 20 (H4K20) methylation, monomethylation promotes transcriptional elongation by recruiting the MSL complex, increasing local histone H4 lysine 16 acetylation, and releasing RNA polymerase II (Pol II) into active elongation. 4 In contrast, H4K20 trimethylation promotes Pol II pausing by inhibiting MSL recruitment. 4 These distinct functional outcomes are driven by the specificity of the MSL chromodomain for H4K20 monomethylation and dimethylation and its inability to bind trimethylation. 10 Whether the different levels of N-terminal methylation also have readers with distinct structural domains or monomethylation simply is unable to promote strong DNA-protein interactions are currently under investigation.
The discovery of the Y641 EZH2 mutations as drivers of B cell lymphoma has lead to the development of many new EZH2 inhibitors. Two of these inhibitors, GSK126 and EPZ-6438, both highly selective S-adenosyl-methionine-competitive small molecule inhibitors, have been respectively shown to inhibit the proliferation of EZH2 diffuse large B-cell lymphoma cell lines and mouse xenografts expressing the Y641 mutation. [45] [46] [47] However, unlike the EZH2 Y641 mutations, the identified NRMT1 mutations are not gain-of-function, and therapeutic use of NRMT1 inhibitors would have to be context specific.
In tumors such as colorectal, that significantly overexpress NRMT1, NRMT1 inhibitors could be a viable therapeutic option. [37] [38] [39] In breast cancers, however, use of NRMT1 inhibitors alone could be detrimental but beneficial in combination with DNA-damaging chemotherapeutics or g-irradiation.
As we have shown that neither the N209I nor P211S NRMT1 mutations can restore N-terminal trimethylation after loss of NRMT1, homozygosity for these mutations may also be a useful marker for tumors especially susceptible to chemo and irradiation therapies. Novel bisubstrate analogues and potent inhibitors of NRMT1 have recently been designed and continue to be optimized, 48, 49 and it will be interesting to see if any of the derivatives affect cancer cell proliferation and/or sensitivity to chemo and radiation therapy in a tissue-specific manner.
Materials and Methods
Constructs and antibodies
To make His 6 -tagged recombinant protein, the human NRMT1 and NRMT2 ORFs (GE Dharmacon, Marlborough, MA) were amplified to introduce a 5
0
NdeI restriction site and a 3 0 XhoI restriction site, and subcloned into pET15b vector (EMD Millipore, Billerica, MA). These were used as templates for constructing all subsequent NRMT1 and NRMT2 mutants using the Quikchange site-directed mutagenesis protocol (Agilent Technologies, Santa Clara, CA). The following forward primers and their reverse complements were used: Y19F: 5 0 -CCAAGGCCAAGACCTTCTGGAAACA AATCCCAC-3 All His 6 proteins were purified as previously described. 50 Primary antibodies used for Western and dot blots are as follows: 1:5000 rabbit anti-me1/2RCC1 (monomethylated/dimethylated SPK-RCC1), 17 1:10,000 rabbit anti-me3RCC1 (trimethylated SPK-RCC1), 17 1:1000 goat anti-RCC1 (Santa Cruz Biotechnology, sc-1162, Santa Cruz, CA), 1:2000 rabbit anti-NRMT1, 20 1:3000 rabbit anti-GAPDH (Trevigen, Gaithersburg, MD), and 1:1000 mouse anti-polyHistidine (Sigma Aldrich, St. Louis, MO). 1:1000 rabbit anti-Mettl11a/NRMT1 (Abcam, Cambridge, United Kingdom) was used to detect WT and mutant NRMT1 for lentiviral expression assays (Fig. 6 ).
In vitro methylation assays
All methylation assays were conducted at 308C using 1 lg recombinant enzyme, 0.5 lg recombinant RCC1 substrate, and 100 lM AdoMet unless otherwise noted. The reaction volume was adjusted to 50 lL with methyltransferase buffer (50 mM potassium acetate, 50 mM Tris/HCl, pH 8), and reactions were run for 1 h. Methylation assays using varied RCC1 concentration were conducted using 1 lg recombinant enzyme, 0.1-2 lg recombinant RCC1 substrate, and 100 lM AdoMet. The reaction volume and time were unchanged. Methylation assays conducted at varying times used 1 lg recombinant enzyme, 0.5 lg recombinant RCC1 substrate, and 100 lM AdoMet. The reaction volume was unchanged, but reactions were run for 30 min to 3 h. Samples were prepared for MS analysis by performing a methyltransferase assay using 1 lg recombinant enzyme, 0.5 lg recombinant RCC1 substrate, and 100 lM AdoMet. Reaction volume was adjusted to 20 lL with methyltransferase buffer, and reactions were run for 1 h at 308C. Reactions were run on an SDS/PAGE gel, and bands visualized by Coomassie Blue stain. The analysis for the presence and extent of RCC1 N-terminal methylation by MS was conducted as previously described. 19 For peptide in vitro methylation assays, 1 lg recombinant enzyme was mixed with 1.5 lg unmethylated RCC1 N-terminal peptide (SPKRIAKRRSP-PADA), 100 lM AdoMet, and methyltransferase buffer to 15 lL. After 1 h at 308C, one third of the reaction was spotted on nitrocellulose and trimethylation of peptide was assessed using the rabbit anti-me3RCC1 antibody as described above. Another third of the reaction was spotted on separate nitrocellulose and used to assess peptide monomethylation/dimethylation using the rabbit anti-me1/2RCC1 as described above.
Cell culture A549 human lung carcinoma cells (ATCC) were maintained in Dulbecco's Modified Eagle Medium (DMEM; Life Technologies, Grand Island, NY) with 10% fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA) and 1% penicillin-streptomycin (P/ S; Life Technologies). HCT116 human colorectal carcinoma cells lines (a generous gift from Dr. Ian Macara, Vanderbilt University) were maintained in McCoy's 5a Modified Medium with 10% FBS and 1% P/S. HEK293LT human embryonic kidney cells (also a generous gift from Dr. Ian Macara) were grown in DMEM with 10% FBS and 1% P/S.
Generation of NRMT1 CRISPR/Cas9 knockout cell line
Suitable CRISPR/Cas9 target sites in the human NRMT1 gene were identified using an online CRISPR Design Tool (http://tools.genome-engineering.org). 51 The oligos were annealed, phosphorylated, and subcloned into BbsI-digested pSpCas9(BB)-2A-Puro (Addgene, Cambridge, MA) as previously described. 51 Resulting clones were verified by DNA sequencing. 6 3 10 5 HCT116 cells were transfected with 250 ng either empty pSpCas9(BB)-2A-Puro or the same vector containing the NRMT1 target sequence. Forty eight hours post-transfections, cell were treated with 2 lg/mL puromycin. Surviving cells were transferred to individual wells in a 96-well plate. Cells were expanded and passaged. Half were used to make carry plates the other half were used to isolate genomic DNA. For the first six wells, the genomic DNA was PCR amplified with primers flanking the target sequence. The resultant PCR products were sequenced at the University of Louisville Genomics Core. All six clones contained frameshift mutations and were selected for expansion and analyzed for NRMT1 expression and N-terminal methylation by Western blot (Supporting Information Fig. S3 ). Subclone #6 was used in all subsequent experiments.
Lentivirus production
Wild type (WT), N209I, or P211S human NRMT1 were amplified from the pet15b vector to introduce a 5 0 PmeI restriction site and a 3 0 PmeI restriction site, and subcloned into pWPI lentiviral expression vector (Addgene). GFP-tagged lentivirus expressing WT NRMT1, N209I NRMT1, or P211S NRMT1 were made by cotransfecting HEK293LT cells with 50 lg pWPI containing the appropriate NRMT1 cDNA, 37.5 lg psPAX2 packaging vector, and 15 lg pMD2.G envelope plasmid using calcium phosphate transfection. Forty eight hours post-transfection, viral supernatants were collected, concentrated with 100K ultrafilters (EMD Millipore), and titered in the HEK293LT cells. A549, HCT116, or HCT116 NRMT1 KO cells were infected with virus to a multiplicity of infection (MOI) of 1. Three days post-transduction, cells were counted and used in cell growth assays; remaining cells were used for Western blot analysis.
Cell growth assays
One thousand control A549, HCT116, HCT116 NRMT1 KO, or HCT116 pSpCas9 cells were plated in triplicate in a 96-well plate in 100 lL of the appropriate cell culture media. Concurrently, A549, HCT116, or HCT116 NRMT1 KO cells transduced with WT, N209I, or P211S NRMT1-expressing virus were plated in triplicate in 96-well plates. Five sets of triplicates for each condition were made. On the day of plating (Day 0), 20 lL of Aqueous One Solution (Promega, Madison, WI) was added to the first set of triplicates for each condition and the absorbance at 490 nm was read after 2 h. Readings were taken on Day 0 and daily for four additional days. Relative fold increase was calculated by dividing average absorbance on each day by average absorbance at Day 0.
